We study the parent compound of the pyrite-type Ir x Ch 2 iridium chalcogenide superconductors, Ir 0.75 Ch 2 (or Ir 3 Ch 8 ). While the lattice structure of the material is rather complicated, we show that the electron physics near the Fermi surface (FS) can be described by a three-band tight-binding model. We find that the material possesses a loop current ground state which is responsible for the highly anisotropic strong diamagnetism observed in experiments. The fluctuations of this loop current state can be a possible pairing mechanism for superconductivity.
Introduction. Superconductivity in most unconventional superconductors discovered in the past decades is close to an magnetically ordered state involving the spin degree of freedom. The effective magnetic interaction is created by the hopping between the d− or f − orbitals bridged by other orbitals (mostly p−orbitals) away from the Fermi surface [1] and is believed to be responsible for developing unconventional superconductivity [2] . The recently discovered superconducting Iridium compounds [3] [4] [5] [6] [7] [8] [9] are very intriguing new unconventional superconductors. The pyrite-type compounds exhibit a maximum T c = 6.4K in Ir 0.91 S e 2 and 4.7K in Ir 0.93 T e 2 , which are higher than in the CdI 2 -type compounds [3] [4] [5] . The parent compound of pyrite-type Ir x Ch 8 is identified as Ir 3 Ch 8 [5] , which has an unit cell that is cubic above the structural transition temperature T s and rhombohedral below that [5, 10] . However, different from other unconventional superconductors, the new superconductor shows strong and highly anisotropic diamagnetism and a very weak magnetic moment which contributes to paramagnetism [10] . The absence of strong spin magnetism is consistent with the fact that the σ * state composed by the p−orbital of the Ch 2 located at the center of the cubic unit cell has a considerable weight on the FS, which limits the development of spin interaction through super-exchange mechanism.
In this Letter, we investigate the origin of the diamagnetism and its relationship to superconductivity. We find that the electronic physics near the Fermi surface can be described by a three-band tight-binding model, which is similar to other unconventional superconductors [11] [12] [13] [14] . However, unlike other unconventional superconductors the parent compounds of which have their magnetic properties dominated by spin antiferromagnetism, the high weight of the Ch 2 p−orbital on the FS limits the development of super-exchange antiferromagnetic coupling and the effect of on-site repulsive interactions. These materials can have a ground state with a loop electronic current, and hence an orbital magnetic moment, induced by the inter-site repulsion between the Ir electrons. The results explain the experimentally observed strong and highly anisotropic diamagnetism [10] . We also suggest that the fluctuations of loop currents can be a possible pairing mechanism as firstly proposed in cuprates [15, 16] . Model Hamiltonian. The lattice structure of Ir 3 Ch 8 can be found in Ref. 5 . DFT calculations have shown that only the locally defined d z ′ 2 orbitals, the orientations of which are shown in Fig. 1 , on the Ir sites, and the σ * state on the Ch 2 located at the center of the unit cell appear on the FS [5] . This observation allow us to build a minimum effective model. As shown in Fig.1 , the essential coupling related to the Ir orbitals must take place around the centers of the circles denoted as A and B where the Ir d z ′ 2 orbitals overlap with each other and the σ * state. Therefore, we can use the σ * state, which is denoted as |C , and the other two Ir Wannier states |A and |B located around A and B to construct the effective band structure near the FS. Ignoring the small rhombohedral distortion [5, 10] , the Hamiltonian can be written as:
where µ is the chemical potential and ∆ is the energy difference between the Ir states and the Ch 2 σ * state. The hopping parameters (in the unit of |t 1 | which is around 0.3eV) obtained by fitting the DFT bands around the FS [5, 10] are listed in Table. I. The charge density given by this model is around 1.4 electrons per unit cell per spin. The energy bands and FS in this model are shown in Fig. 2 and Fig. 3 and it can be concluded from the figures that our effective model captures the main electronic physics near the FS. We do not try to fit anything away from the FS because it will dramatically increase the desired minimum number of bands and hence the complicity. The FS of the major band has little dispersion along the (111) direction and hence quasi-2d, which agrees with DFT calculations [10] .
Interactions and Loop Current. As stated above, the on-site interactions are suppressed in these materials. At the same time, the three Ir atoms forming a state |A or |B have their d z ′ 2 orbitals pointing together, which will evidently cause a repulsion between them:
where n i = n i↑ + n i↓ and n iσ is the electron number operator with spin σ in the d z ′ 2 orbital on the i th Ir site.
Diamagnetism may be generated with this interaction. To show this, we introduce the current operator and then obtain
with a mean-field approximation.
For a charge loop current state we only keep the interaction between electrons with the same spin in our consideration and take the mean-field ansatz [17] 
, where < i, j >=< 2, 1 >, < 3, 2 >, or < 1, 3 > (see Fig. 1 ).
Here a negative value of r means a loop current floating along the direction 1 → 2 → 3 → 1, while a positive one represents a current running oppositely. With this mean-field ansatz, we are able to omit the spin index and write V, up to a constant, to be V = k V(k) with
In order to study this loop current with the tight-binding model, we need to write down V in the Wannier states |k, A(B) representation. The three eigenstates of V(k) can be solved as |k, l with eigenvalues E = 4lrR(k) + 2U where
In general, the two Wannier states |k, A(B) can be expressed as superpositions of these three states |k, l . We notice that, independent on the value of r, |k, 0 is always the second lowest state so that its weight should not vanish when we are going to express two states. Hence we are able to write |k, A(B) as:
where α, β, θ and η are coefficients and the orthonormal conditions require them to satisfy α = −θ, β = −η, α 2 +β 2 = 1. Then the matrix elements of the interaction term in the |k, A(B) basis can be estimated to be (applying δ = α 2 − β 2 = 2α 2 − 1)
Since the Wannier states depend on δ, the loop current order also modifies the tight-binding part of the Hamiltonian so that there will be a competition between the hopping and the loop current. First of all, a locally rotating state does not couple with Ch 2 due to symmetry argument: the hopping parameters between a Ch 2 and the 3 surrounding Ir atoms in a rotating state must have the same amplitude and a ± 2π 3 phase difference. Secondly, for the hopping between the Ir states, we omit the k index and apply H ll ′ = l|H|l ′ , and notice that |1 = | − 1 * and H AA = H BB are guaranteed by symmetry, then we can use real numbers ξ 1 = ℜ(H 1−1 ) and ξ 2 = ℑ(H 01 ) to denote the change in hopping:
For simplicity but without losing the essential physics, we assume the ξ i (i = 1, 2) parameters are proportional to the overlap of the wave functions which is measured by the original H AA | α=β and set ξ i = c i H AA | α=β . Then the total energy of the system can be calculated self-consistently and the influence of c 1 and c 2 is shown in Fig. 4 . It is clear that c 1 costs energy and is able to compete with U, while c 2 saves energy. We know that the loop current can not be a huge effect in real materials so that c 1 ≫ c 2 , and hence the value of c 2 is not important as long as it is much smaller than c 1 . To obtain the values of r and J , for each U we vary the parameter δ and calculate r and E, then choose the value of δ which gives the lowest energy as the optimal one. Fig. 5 shows the relationship between optimal δ, r, J and U, and a phase transition is clearly obtained to be around U = 0.75. As U increases, the mean value of the current J firstly grows up as expected, and then goes down because when U is too large electrons will be moved from the Ir atoms to the Ch 2 and the current is suppressed. The c ′ s are chosen so that a reasonable value of U can induce a small loop current. Hence we see that the inter-site repulsion given by Eq. 5 is able to induce a loop current state in which diamagnetism is certainly deserved because the loops react against any magnetic flux penetrating through them. And because the loops are perpendicular to the (111) axis, the diamagnetism must be highly anisotropic and most sensitive to a magnetic field along the (111) direction as observed experimentally [10] .
The amplitude of the loop magnetic moment m can also be estimated in this model. Assuming the hopping between the d z 2 orbitals of the three Ir sites forming a loop is t, then the measured current density should be t J . Treating the loop as an inscribed circle of the triangle made by the three Ir atoms as shown in Fig. 6 , then we have m = IπR This loop magnetic moment is, although not quantitatively accurate, of the same order of magnitude as the 0.024µ B /Ir paramagnetic moment obtained by fitting the experimental data [10] , and hence should be important in the study on the magnetic structure.
Fluctuations and Pairing. The possibility for the fluctuations of the loop current to be the origin of superconductivity has been studied in cuprates [15, 16, 18, 19] . In the pyritetype Ir x Ch 2 iridium chalcogenide superconductors, it is observed that superconductivity is achieved or enhanced by doping more Ir atoms, instead of just more charge carriers as in the high T c case, into the parent compound [5] . The stability of the loop current relies on the fact that the three Ir atoms in the same loop strongly couple together, and hence extra Ir sites can disturb the coupling and enhance fluctuations of the loop current. All of these imply that in these iridium chalcogenides, the fluctuations of the loop current play an important role in the superconductivity.
Upon the loop current state described above in which there is a global current order parameter r, we consider the fluctuation that for a loop whose center is located at i the current order parameter varies by ρ i : r i = r + ρ i . For the dynamics of ρ i we consider the harmonic restoration force from loop i itself (with spring constant κ 1 ) and the other three loops with which it shares a common Ir (with spring constant κ 2 ), and seek the solution of the form ρ i ∼ e i(q·i−ωt) , then we obtain:
In a perturbative approximation, the pairing strength induced by such fluctuations of the loop current should be proportional to q ω(q) (E(k + q) − E(k)) 2 − ω 2 (q) .
One can see that for any Q along the (111) direction, ω(Q) has its minimal value √ κ 1 − 3κ 2 even if the values of κ 1 and κ 2 are hard to be estimated. Moreover, for any state |k around the nearly cylindrical Fermi surface, we have E(k + Q) ≈ E(k) ≈ E F , and hence with small ω(Q) pairing can be induced on the entire quasi-2d Fermi surface according to Eq.11.
Summary and Discussions.
In this paper, we present a three-band tight-binding model to describe the electronic properties near the FS of Ir 3 Ch 8 , the parent compound of the pyrite-type Ir x Ch 8 superconductors. We show the model has a loop current state as a ground state because the on-site interaction and super-exchange processes are suppressed and the inter-site repulsion emerges as the most important interaction. The loop current state carries a weak magnetic moment and exhibits a strong and highly anisotropic diamagnetism. The results are consistent with experiments. We also suggest that the fluctuation of the loop current can be the origin of the superconducting pairing.
